A new method for quantifying the contributions of local excitation, charge resonance, and multiexciton configurations in correlated wave functions of multichromophoric systems is presented. The approach relies on fragment-localized orbitals and employs spin correlators. Its utility is illustrated by calculations on model clusters of hydrogen, ethylene, and tetracene molecules using adiabatic restricted-active-space configuration interaction wave functions. In addition to the wave function analysis, this approach provides a basis for a simple state-specific energy correction accounting for insufficient description of electron correlation. The decomposition scheme also allows one to compute energies of the diabatic states of the local excitonic, charge-resonance, and multi-excitonic character. The new method provides insight into electronic structure of multichromophoric systems and delivers valuable reference data for validating excitonic models. C 2016 AIP Publishing LLC.
I. INTRODUCTION
The assemblies of chromophores appear in natural and artificial light-harvesting systems as well as in molecular photovoltaic materials. [1] [2] [3] [4] The energy flow [5] [6] [7] [8] and the nature of the excited states in multichromophoric systems are governed by the electronic structure of the individual chromophores and their interactions. These interactions, which depend on the relative orientations of the chromophores, perturb the states of the individual moieties and also couple them, often leading to delocalized excited states. The resulting adiabatic wave functions can be described as linear combinations of the local excitations (so-called excitonic configurations), chargeresonance configurations (akin to ionic configurations in molecular wave functions), and multiexcitons (configurations in which more than one chromophore is excited). The wave function composition determines the energy levels, band structure, and non-adiabatic couplings between the states.
Analysis of complex excited-state wave functions in terms of such physically distinct contributions provides an insight into the nature of the states and their properties. For example, in the context of singlet fission, 9 ,10 the key electronic states are an initially excited bright state of an excitonic character and a dark multiexciton state. Both states include contributions from charge-resonance configurations, which govern the couplings. [9] [10] [11] [12] [13] There are several wave function analysis schemes that allow one to quantify the degree of local excitonic and charge-resonance character from the wave function amplitudes and/or density matrices.
14, 15 Recently, we introduced a method for identifying and characterizing a) david.casanova@ehu.eus multi-exciton contributions in the wave functions of molecular dimers. 16 Here we extend this scheme for multichromophoric systems.
In our approach, we compute correlated adiabatic wave functions of an aggregate and then decompose them in terms of the diabatic-like configurations of the excitonic, charge-resonance, and multiexcitonic character. We employ the RASCI (restricted-active-space configuration interaction) method, [17] [18] [19] which describes singly (both excitonic and charge-resonance) and multiply excited states on an equal footing. Importantly, in the spin-flip (SF) formulation the method is size-intensive, 18, [20] [21] [22] so that the calculations for the monomers, dimers, trimers, etc., can be meaningfully compared. Owing to these properties, RASCI-SF has been successfully employed to model various aspects of singlet fission. 11, [23] [24] [25] [26] [27] [28] In addition to interpretation purposes, the analysis of multichromophoric wave functions in terms of simple diabatic-like configurations provides valuable reference data for devising various excitonic models for computing excited states in extended systems. [29] [30] [31] [32] [33] [34] [35] [36] In these approaches, which are similar in spirit to the valence-bond method, electronic states of an extended system are described using products of the wave functions of the individual chromophores. The coefficients are obtained by solving a small CI-like problem for a model Hamiltonian in this physically motivated diabatic basis. As in the original valence-bond method, the results of such calculations depend crucially on which states of the individual chromophores are used to construct the diabatic basis (e.g., how many singly excited states are included, whether charge-resonance configurations are included, etc.). Thus, the analysis of accurate correlated adiabatic wave functions in multi-chromophoric systems will help to validate the choice of diabatic basis in such excitonic models and aid in their development.
The structure of the paper is as follows. Section II describes the electronic states in multichromophoric systems. It explains the use of spin correlators for the excitedstate analysis and the quantification of charge-resonance character. This section also introduces corrections to the excitation energies by means of exciton decomposition and the computation of diabatic states. Section III illustrates the application of this methodology to the singlet excited states in clusters of hydrogen molecules, ethylene aggregates, and in tetracene trimers.
II. THEORY

A. Electronic states of multichromophores
Our analysis relies on fragment-localized molecular orbitals. A general adiabatic wave function of a multichromophore system can be written as a combination of neutral excitons (NEs), local excitations conserving the number of electrons in the individual fragments, and charge-resonance (CR) configurations in which two or more chromophores are charged (but the total charge of the assembly is conserved),
The NE contributions can be further classified by excitation levels, i.e., as local single excitations (LEs, the states in which only one chromophore is excited) and simultaneous multiple excitations (MEs, the states in which multiple fragments are excited). This decomposition can be written as
where k is the number of simultaneously excited chromophores. In notations of Eq. (2), the LE terms correspond to Ψ(k = 1), whereas the ME states consist of the Ψ(k > 1) configurations. Formally, the sum over the excitation level k in Eq. (2) also includes the k = 0 case corresponding to the ground-state configuration in which none of the chromophores is excited. Each Ψ(k) comprises multiple possible configurations,
where φ l (k) corresponds to a unique configuration with k excited chromophores and L(k) is the dimension of each kspace, which depends on the total number of the chromophoric moieties in the system M as
Note that each configuration φ l (k), indicating which chromophores are excited, implicitly contains the contributions from all electronic excitations within each moiety, i.e., all excited states of the individual chromophores. The weight of each k-level excitation can be evaluated from the set of amplitudes of the adiabatic wave functions obtained from a given electronic structure model,
In this work, we go beyond a simple assignment of single or multiexcitonic character of the excited state and analyze the excited-state character in more detail. Excited states can be described in terms of excitations of the monomers, pairs of monomers, and so on, which allows one to determine which chromophores are involved in the given electronic transition and, therefore, to describe the extent of delocalization of the excited state. In addition, it is also desirable to characterize excited states in terms of coupled monomer excitations with well defined (local) spins. 37 This is especially relevant in processes such as singlet fission 9, 10 in which the key electronic state is of the ME character that can be described as two triplet states localized on two adjacent chromophores and coupled into an overall singlet state, 1 TT. This state is also involved in the reverse photophysical process, triplet-triplet annihilation. 38 Another example of a ME state is the precursor of a recently proposed photophysical mechanism called bright fission; 39 this ME state is derived from two coupled singlet states, SS.
B. Spin correlators
In our previous work, 16 we employed spin correlators 40 to distinguish between the singlet TT and SS contributions to the ME states in molecular dimers. Here we extend the use of spin cumulants to the general case of multiple chromophores. The spin correlator matrix of M coupled molecules is defined as
whereŜ I z andŜ J z are local spin operators acting on chromophores I and J, respectively,
In the case of singlet states, the spin correlator matrix elements obey the sum rule,
Also, in order for Z I J 0, I and J monomers cannot be in a local singlet spin state. As a simple example, consider the wave function of the 1 TT state of a dimer, which can be expressed as
where the subindices denote the M S values of the local triplets. The spin-cumulant matrix elements for this state can be directly evaluated as Z I I = 
where T K T L denotes the two triplet states localized on K and L monomers. Then the trace of the spin-correlator matrix of the TT state is
where
The off-diagonal elements are directly related to the contributions from each pair of chromophores,
where ω
For mixed states, these relations hold true if instead of the full spin-correlator matrix we only consider Ψ(k = 2) contributions and disregard the quintet-quintet (QQ) and higher-spin coupled pairs in the wave function, which we expect to be a reasonable approximation in the case of low-lying states. Now, the overall weight of the TT states,
and the SS contributions can be approximated as ω
Moreover, off-diagonal elements of the Z(k = 2) matrix allow the decomposition of the contributions from each individual chromophore pair,
C. Charge resonances
The CR contributions in the wave function can be expressed as linear combinations of configurations with charged fragments conserving the total charge of the system,
where the q runs over charge resonances with {n I } set of monomer charges and the prime indicates that the sum is restricted to the charged configurations fulfilling the total charge conservation condition,
where C is the total charge of the system.
D. Exciton energy corrections
Often, the accuracy in excited-state calculations deteriorates relative to the ground-state description. In particular, in the case of large systems, where highly accurate excitedstate methods are not affordable, drastic approximations are invoked introducing noticeable errors in the excitation energies. Importantly, the errors strongly depend on the nature of the electronic states introducing the imbalance in relative state energies. This is particularly important in quantum chemistry models such as RASCI with low-order truncation of the excitation operators (such as in holeparticle approximation which is roughly comparable to the configuration interaction singles method). [17] [18] [19] The RASCI method in its SF variant provides a good description of the electronic structure of the ground and low-lying excited states in strongly correlated systems 11, [23] [24] [25] [26] [27] 42, 43 but misses most of the dynamical correlation. Consequently, the computed excitation energies need to be corrected, which is sometimes done in an empirical fashion. 11, 25 The magnitude of the excitation energy correction is strongly state-dependent, e.g., it is well known that the states of a diradical type (e.g., triplets) are less affected by dynamical correlation, in contrast to singlet excited states with significant CR contributions (see, for example, Refs. [44] [45] [46] [47] [48] . Thus, the decomposition of the wave functions in terms of LE, ME, and CR can be used to correct the computed transition energies based on the weights of the different contributions and an estimate of the error that each type introduces to the final computed energy. This approach was recently used in the computation of transition energies in anthracene dimers. 39 Here we generalize this scheme to the case of multiple chromophores. The corrected energies can be expressed as
where X corresponds to a specific type of excitation contribution (i.e., LE, ME, CR) and E C Ψ X are correction energies associated with each X contribution. The set of {E C Ψ X } energies can be related to the excitation energies of individual chromophores (this is the case of the LE and ME contributions) or dimers for the lowest CR configurations. The correction is defined as the difference between a reference value and the computed energy,
The reference value can be obtained either from experiment or from accurate theoretical calculations. The validity of the energy correction from Equations (18) and (19) depends on the accuracy of the reference values and on the correspondence between the reference and diabatic states.
E. Construction of diabatic states
Decomposition of the adiabatic wave functions in terms of specific configurations allows us to compute diabatic states by restricting or allowing electronic configurations of different characters in the computation of eigenstates. In this context, it is natural to compute the CR and NE diabatic states by not allowing them to mix in the diagonalization of the Hamiltonian. The comparison of the so-computed diabats with adiabatic states allows us to better understand the shapes of the adiabatic potential energy surfaces. Furthermore, we can decompose the neutral excitations in the LE and ME states to quantify the participation of individual chromophores in the overall adiabatic excited state.
III. RESULTS AND DISCUSSION
We apply the methodology introduced in Sec. II to compute and analyze singlet excited states in model molecular aggregates. We begin by investigating the character of the electronic states in clusters of hydrogen molecules. We then analyze the lowest ME state in the coplanar ethylene trimer and tetramer. Finally, we describe the ME states in tetracene clusters representing the crystal structure and discuss their relevance in the context of singlet fission. In all cases, we quantify the LE, ME, and CR weights in the exciton wave function from the wave function amplitudes computed using fragment-localized orbitals. Then we separate the ME contributions into SS and TT by analyzing the spin-correlator matrix from the Ψ(k = 2) part. We employ fragment-localized orbitals obtained using the Mullikencharges criterion described in Ref. 16 . All calculations were performed with the RASCI method [17] [18] [19] implemented in a development version of the Q-Chem program. 49, 50 
A. Clusters of H 2 molecules
Here we compute and characterize singlet excited states of model (H 2 ) M clusters with 2 ≤ M ≤ 5. In all clusters, r H H = 0.711 44 Å and the molecules are aligned parallel to each other forming a D 2h structure with 3.0 Å separation between the neighbors. Ground and excited singlet states were computed at the RASCI/cc-pVDZ level with 2M electrons in 2M orbitals as the RAS2 space. Figure 1 shows the excitation energies and the LE, ME, and CR weights in the respective wave functions for (H 2 ) M with M = 2-5. The lowest M excited singlet states correspond to the LE states composed of linear combinations of the H 2 molecular S 1 state ( 1 Σ u ), with small contributions of the CR configurations (ω CR ∼ 0.03-0.11), and even smaller admixture of the ME states (ω ME ∼ 0.01-0.03). The energy splittings between these states, which provide direct measures of the exciton coupling, are of the order of a few tenths of an electron-volt. The energy distribution of the M lowest excited singlets can be rationalized in terms of exciton mixing and the CR contributions (Figure 2 ). For the studied cases, the exciton mixing determines the state ordering, while interaction with CR configurations systematically stabilizes their excitation energies.
At higher energies, we obtain a set of M(M − 1) CR states mainly corresponding to linear combinations of (+, −) configurations, i.e., with one H 2 molecule positively charged and one with an extra electron. The gap between the highest LE and the lowest CR states changes from 3.2 eV (M = 2) to 2.6 eV (M = 5). These states include small contributions of the LE terms. The lowest ME state appears at twice the energy of the lowest H 2 triplet ( 3 Σ u ). The TT character of these M(M − 1)/2 states is confirmed by the wave function decomposition, which yields ω TT ≥ 0.95 and a small admixture of the CR configurations. The SS ME states appear at twice the energy of the molecular S 1 state. These states feature much larger weights of the CR configurations than the ME states derived from the coupled molecular triplets. We now take a closer look at the exciton composition in terms of the monomers involved in the electronic transition using the (H 2 ) 3 cluster as an example (Figure 3) . The three lowest excited singlets are mainly of the LE character and show energy splittings of the order of ∼0.4 eV (Figure 1(a) ). The energy ordering of these three states is determined by exciton interaction (Figure 2 ) and agrees with the state ordering obtained by the dipole-dipole interaction between the molecular transition moments for the 1 Σ u state (aligned along the molecular axis) in each of the H 2 fragments. The lowest-energy state is mostly located on the central molecule with smaller contributions from the edge molecules (Figure 3 , left). Exciton interaction stabilizes this state with respect to the monomer due to the antiparallel alignment of the transition dipoles. The third excited singlet corresponds to the parallel alignment of the transition dipoles with similar contributions from each of the H 2 molecules. As a result, this state is destabilized with respect to the monomer excitation and the electronic transition from the ground state has a rather large oscillator strength. The excited singlet state lying between these two LE states contains equal contributions of S 1 excitations from the two edge monomers. The small exciton coupling in this state results in a transition energy rather close to the excitation energy of the H 2 monomer. Based on their energies, the six lowest states with large CR weights are divided into two sets (Figure 1(a) ). The four lowest CR excitons correspond to linear combinations of the (+, −) configurations with the central molecule positively or negatively charged, whereas the other two CR states correspond to the ionic configurations of the edge molecules. The three lowest singlets with large ME character correspond to a mixture of the TT states. Their energy splittings are rather small, with transition energies very close to twice the excitation energy of 3 Σ u in H 2 . Two of these states have an equal mixture of the center-edge and edge-edge TT configurations. The remaining state has no contribution from the terms with two triplets located on the two edge molecules. The decomposition of the ME part for the states with significant SS character follows a pattern similar to that of the TT states.
B. Ethylene clusters
Now we turn our attention to the analysis of singlet excited states in ethylene coplanar eclipsed oligomers (D 2h symmetry). We also compute the lowest LE, CR, and ME diabatic states, following the algorithm described in Section II E. Ethylene's molecular geometry was taken from the ground-state structure optimized at the B3LYP/6-31G(d) level (r CC = 1.331 Å, r CH = 1.088 Å α(CCH) = 121.868
• ). The molecular orbitals are defined with the molecular planes parallel to the x y-plane and with the double bonds parallel to the x-axis. The low-lying excited singlet states were computed at the RASCI/6-31G(d) level with 2M electrons in 2M orbitals as the RAS2 space, where M is the number of ethylene molecules. Excitation energies for the ethylene dimer have been corrected following Eqs. (18) and (19 
Ethylene dimer
We first analyze the two lowest excited singlet states of the ethylene dimer (1 1 B 2g and 2 1 A g ) and the dependence of their character on the intermolecular distance. Figure 4 shows the energy profiles for the 1 1 B 2g and 2 1 A g adiabatic states and for the lowest two LE, one TT, and two CR diabatic states. Asymptotically, 1 1 B 2g correlates with the 1 1 B 3u valence state of the ethylene molecule, whereas 2 1 A g converges to twice the energy of 1 3 B 3u , consistently with the exciton decomposition shown in Figure 5 . The CR character of 1 1 B 2g increases from 1% at 4.6 Å up to 50% at 2.2 Å indicating excimer formation. The 2 1 A g state has a pure TT character at dissociation limit and the weight of the CR contributions also increases when the two molecules become closer, but the ionic configurations appear at much shorter distances than in the 1 1 B 2g state. It is worth mentioning that the energy profiles of the LE and TT diabats show no bonding character, suggesting that the CR contributions at short distances are responsible for the bonding interactions in the 1 1 B 2g and 2 1 A g states. 
Lowest polyexcimer in ethylene trimer
Here we consider the lowest excited state of three ethylene molecules in equidistant eclipsed structure (D 2h ) along its symmetric dissociation coordinate. Figure 6 shows the energy profile of the lowest excited singlet of ethylene trimer (the 1 1 B 2u state) and the lowest LE and CR diabats for different (symmetric) distances between the central and edge molecules.
The potential energy curve for the 1 1 B 2u state is similar to that of the excimer state in the ethylene dimer, suggesting polyexcimer character. The three neutral diabats involved in FIG. 7 . Exciton decomposition of the lowest singlet state in terms of the LE and CR contributions in the eclipsed ethylene trimer along the symmetric dissociation. LE(c) and LE(e) denote the LE configurations located on the central and edge molecules, whereas CR(c-e) and CR(e-e) correspond to the center-edge and edge-edge charge resonances, respectively. the polyexcimer state of the ethylene trimer mainly correspond to the mixing between the LE states (Figure 7) . At large intermolecular distances, the three diabats converge to the energy of the lowest excited singlet of the ethylene molecule. As in the ethylene dimer, the lowest LE diabats do not show bonding character. Hence, the polyexcimer nature of 1 1 B 2u results from the LE-CR mixing. The four lowest CR diabats correspond to the mixture of the configurations with a single electron transfer within pairs of ethylenes. At large separation, these four diabats correspond to the four states with ±1 and ∓1 charges in the central and one of the edge ethylene molecules, respectively, with degenerate potential energy surfaces.
Lowest polyexcimer in ethylene tetramer
The lowest excited singlet of the ethylene tetramer (the 1 1 B 2g state) also shows polyexcimeric behavior (Figure 8 ). Exciton decomposition in terms of the LE and CR contributions shows qualitatively the same trend as in the ethylene dimer and trimer, but now the CR contributions appear at larger intermolecular distance. For example, the weight of the CR configurations reaches 0.5 at ∼3.1 Å, while in the trimer and dimer cases this value is obtained at much shorter separations, that is, 2.6 Å and 2.2 Å for the ethylene trimer and dimer, respectively.
Analysis of the LE and CR configurations in terms of the contributions from individual ethylene molecules ( Figure 9 ) indicates that LE in the 1 1 B 2g state is mainly located on the two central monomers, whereas CR is observed between center-center (c-c) and center-edge (c-e) pairs.
C. Multiexciton states in tetracene trimers
Crystalline tetracene is of a paramount importance in the context of singlet fission. 11, 27, [58] [59] [60] [61] Singlet fission proceeds via the ME state of the 1 TT character, which can be described   FIG. 8 . Energies of the lowest adiabatic polyexcimer singlet state and the weights of the LE, ME, and CR configurations in the eclipsed ethylene tetramer along its symmetric dissociation. as two triplet states coupled into an overall singlet. The feasibility of singlet fission depends on the relative energy and electronic characteristics of this state. Here we analyze the 1 TT character of the low-lying ME states in model tetracene trimers and compare them to tetracene dimers. The geometries of the dimers and trimers are taken from the crystal structure.
62 Figure 10 shows the structure and the labels denoting the individual molecules and selected trimers. The calculations for tetracene dimer (n = 2) and trimer (n = 3) models were performed at the RASCI-nSF/6-31G(d) level with the lowest ROHF (2n + 1)-tuplet as the high-spin reference state. The excitations from the carbon 1s orbitals or to the n × 36 highest energy virtual orbitals were excluded from the calculations.
Excitation energies and wave function analysis for the three lowest singlet and quintet ME states of the four tetracene trimers are shown in Table I . The distribution of the ME states in trimers 2, 3, and 12 is very similar. In these three cases, the two lowest 1 TT states are degenerate or nearly degenerate, with excitation energies of ∼3.7 eV, slightly lower than the excitation energy obtained for the 1 ME state in dimer 2; they correspond to the TT excitations localized on the two non-coplanar neighboring tetracene molecules. The two lowest TT states of trimer 3 show a small delocalization over the third tetracene molecule. This delocalization is smaller in trimer 12 and nearly non-existent in trimer 1. These states contain 2%-3% of the CR configurations. In these states, the multiexciton binding energy 11 (the energy difference between the singlet and quintet ME states, E b = E( 5 ME) − E( 1 ME)) is within the 13-24 meV range (comparable to the binding energy in dimer 2), with trimer 3 and trimer 2 having the largest and the smallest E b values, respectively. These results are consistent with the extent of the delocalization of these TABLE I. Analysis of the lowest singlet and quintet ME states in tetracene trimers, and couplings (∥γ∥ 2 ) to the lowest LE state computed at the RAS-nSF/6-31G(d) level. The subindices 0, X, and Y refer to the tetracene monomers in Figure 10 , with X = 1, 2 for dimers 1 and 2, and (X, Y) = (1, 1 ′ ), (2, 2 ′ ), (3, 3 ′ ), and (1,2) for trimers 1, 2, 3 and 12, respectively. states and indicate that the strength of the inter-chromophoric coupling follows the following order: trimer 3 > trimer 12 > trimer 1. In these three trimers, the third 1 ME state has no CR contributions and no stabilization relative to the uncoupled triplets (E b = 0 meV). The strength of the nonadiabatic coupling of the 1 TT states to the optically bright state depends on the weight of the CR configurations in the wave functions. 11 Thus, the lack of ionic configurations in the highest 1 ME state would prevent its population from the LE states. This is confirmed by the evaluation of 1 ME-LE coupling by the squared norm of the transition density matrix 11 (Equations (20) and (21)) between 1 ME states and the lowest LE (Table I) . In Equation (20) , γ pq corresponds to the matrix element of the transition density between the initial and final states, Ψ i and Ψ f ,
Trimer 1 corresponds to a coplanar arrangement of three tetracenes slipped along the molecular short axis with no superposition of the planes, directly related to dimer 1. Consequently, trimer 1 exhibits much weaker intermolecular interactions compared to the other three. The computed three lowest ME states are degenerate, with no CR contributions in any of them, with very small ME binding energies and very low couplings, that is, ∥γ∥ 2 ≤ 0.01 in all cases. Note that the sum of all the TT configurations in the states of tetracene trimers listed in Table I does not equal 1. The analysis of the triply excited fragment cumulant spin matrix (Z(k = 3)) indicates that the missing contributions (∼8% in all cases) correspond to the triply excited configurations of the STT character, where the TT fragment is located on the same dimer with the largest ω TT I J value.
IV. CONCLUSIONS
We presented a new analysis scheme designed for multichromophoric assemblies. The analysis is based on the fragment-localized orbitals and employs spin correlators to distinguish between different types of the ME states. The utility of the scheme is illustrated by the analysis of the excited states in clusters of H 2 , ethylene, and tetracene. The adiabatic wave functions in these molecular aggregates were computed by RASCI. Owing to its size-intensivity, the spinflip flavor of the RASCI type of wave function allows for meaningful comparison between systems of varying size. The new method provides insight into electronic structure of multichromophoric systems and delivers valuable reference data for validating excitonic models. The decomposition of the wave functions in terms of the LE, CR, and various types of ME configurations can be used for computing simple energy correction, to account for deficiencies of underlying excited-state methods.
The analysis of the ME states in model tetracene trimers reveals that the lowest TT states are localized on tetracene dimers, which justifies using dimer-based models for the description of these ME states, and in rate calculations if single excitons are also mainly localized on two chromophores. 23, 24 The multiexciton stabilization energy in these states is related to CR contributions, which, in turn, controls the strength of non-adiabatic couplings between the LE and ME states.
